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Carilli & Taylor 3
the emission mechanism was likely to be synchrotron, and if in equipartition
required a magnetic eld strength of 2 G. In Fig. 1 we show the best image
yet obtained of the radio halo in the Coma cluster. Other radio halos were
subsequently discovered, although the number known remained under a dozen
until the mid-90s (Hanisch 1982).
Using the Northern VLA Sky Survey (NVSS; Condon et al. (1998)) and X-ray
selected samples as starting points Giovannini & Feretti (2000); Giovannini, Tordi
& Feretti (1999) have performed moderately deep VLA observations (integrations
of a few hours) which have more than doubled the number of known radio halo
sources. Several new radio halos have also been identied from the Westerbork
Northern Sky Survey (Kempner & Sarazin 2001). These radio halos typically
have sizes 1 Mpc, steep spectral indices ( <  1), low fractional polarizations




at 1.4 GHz), and centroids
close to the cluster center dened by the X-ray emission.
A steep correlation between cluster X-ray and radio halo luminosity has been
found, as well as a correlation between radio and X-ray surface brightnesses in
clusters (Liang et al. 2000; Feretti et al. 2001; Govoni et al. 2001a). A complete
(ux limited) sample of X-ray clusters shows only 5% to 9% of the sources are
detected at the surface brightness limits of the NVSS of 2.3 mJy beam
 1
, where
the beam has FWHM = 45
00
(Giovannini & Feretti 2000; Feretti et al. 2001).










detection rate increases to 35% (Feretti et al. 2001; Owen, Morrison & Vogues
1999). Likewise, there may be a correlation between the existence of a cluster
radio halo and the existence of substructure in X-ray images of the hot cluster
atmosphere, indicative of merging clusters, and a corresponding anti-correlation
between cluster radio halos and clusters with relaxed morphologies, e.g., cooling
ows (Govoni et al. 2001a), although these correlations are just beginning to be
quantied (Buote 2001).
Magnetic elds in cluster radio halos can be derived assuming a minimum
energy conguration for the summed energy in relativistic particles and magnetic
elds (Burbidge 1959), corresponding roughly to energy equipartition between
elds and particles. The equations for deriving minimum energy elds from radio
observations are given in Miley (1980). Estimates for minimum energy magnetic
eld strengths in cluster halos range from 0.1 to 1 G (Feretti 1999). One of the
best studied halos is that in Coma, for which Giovannini et al. (1993) report a
minimum energy magnetic eld of 0.4 G. These calculations typically assume
k = 1,  = 1, 
low
= 10 MHz, and 
high
= 10 GHz, where k is the ratio of
energy densities in relativistic protons to that in electrons,  is the volume lling
factor, 
low
is the low frequency cut-o for the integral, and 
high
is the high
frequency cut-o. All of these parameters are poorly constrained, although the



































(HPBW, RA  DEC) from Feretti et al (1998). Labels refer to the halo source
Coma C and the relic source 1253+275. The grey scale range displays total intensity emission
from 2 to 30 mJy/beam while contour levels are drawn at 3, 5, 10, 30, and 50 mJy/beam. The
bridge of radio emission connecting Coma C to 1253+275 is resolved and visible only as a region
with an apparent higher positive noise. The Coma cluster is at a redshift of 0.023, such that
1
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= 27 kpc.
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w
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e
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r
e
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c
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p
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c
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c
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c
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c
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i
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i
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i
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e
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c
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c
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u
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c
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b
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p
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c
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c
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c
a
l
e
s
a
s
n
2
=
3
e
,
a
n
d
s
i
g
n
i

c
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c
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b
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c
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c
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c
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h
e
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.
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b
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c
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c
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c
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c
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c
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c
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c
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i
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p
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c
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p
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c
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c
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b
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b
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c
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c
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c
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c
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c
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p
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c
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c
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c
e
i
n
w
h
i
c
h
t
h
e
l
a
r
g
e
m
a
g
n
e
t
i
c

e
l
d
s
w
i
t
h
i
n
t
h
e
r
a
d
i
o
s
o
u
r
c
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c
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c
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c
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c
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c
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e
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i
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b
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b
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c
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b
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i
l
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i
l
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c
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c
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c
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c
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c
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c
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R
e
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u
e
s
t
h
a
t
t
h
e
h
i
g
h
R
M
s
a
r
e
n
o
t
s
o
l
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c
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c
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b
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p
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c
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.
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h
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n
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c
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c
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c
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c
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c
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c
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c
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p
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c
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p
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c
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c
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c
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l
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e
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u
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c
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p
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p
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b
e
d
)
I
C
M

e
l
d
s
a
r
e
a
f
e
w

G
.
3
.
2
B
a
c
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c
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c
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c
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c
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p
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l
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t
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l
l
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c
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d
e
n
s
i
t
y
e
s
t
i
m
a
t
e
s
f
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b
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e
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d
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c
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a
r
k
e
e
t
a
l
.
(
2
0
0
1
)
,
i
n
w
h
i
c
h
t
h
e
y
o
b
s
e
r
v
e
d
r
a
d
i
o
s
o
u
r
c
e
s
i
n
a
n
d
b
e
h
i
n
d
a
r
e
p
r
e
s
e
n
t
a
t
i
v
e
s
a
m
p
l
e
o
f
1
6
A
b
e
l
l
c
l
u
s
t
e
r
s
a
t
z
<
0
:
1
.
T
h
e
y

n
d
e
n
h
a
n
c
e
d
r
o
t
a
t
i
o
n
m
e
a
s
u
r
e
s
o
n
t
h
e
l
a
r
g
e
m
a
j
o
r
i
t
y
o
f
t
h
e
l
i
n
e
s
o
f
s
i
g
h
t
w
i
t
h
i
n
0
.
5
M
p
c
o
f
t
h
e
c
l
u
s
t
e
r
c
e
n
t
e
r
s
(
F
i
g
.
6
)
,
f
r
o
m
w
h
i
c
h
t
h
e
y
d
e
r
i
v
e
a
n
a
r
e
a
l

l
l
i
n
g
o
f
t
h
e
m
a
g
n
e
t
i
c

e
l
d
s
o
f
9
5
%
.
T
h
e
i
r
m
o
d
e
l
i
n
g
r
e
s
u
l
t
s
i
n
m
a
g
n
e
t
i
c

e
l
d
s
o
f
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5

G
,
a
s
s
u
m
i
n
g
a
c
e
l
l
s
i
z
e
o
f
1
0
k
p
c
.
T
h
e
s
e
c
l
u
s
t
e
r
s
w
e
r
e
c
h
o
s
e
n
n
o
t
t
o
h
a
v
e
c
o
o
l
i
n
g

o
w
s
,
b
u
t
a
r
e
o
t
h
e
r
w
i
s
e
1
4
C
l
u
s
t
e
r
M
a
g
n
e
t
i
c
F
i
e
l
d
s
F
i
g
u
r
e
6
:
T
h
e
i
n
t
e
g
r
a
t
e
d
R
M
p
l
o
t
t
e
d
a
s
a
f
u
n
c
t
i
o
n
o
f
s
o
u
r
c
e
i
m
p
a
c
t
p
a
r
a
m
e
t
e
r
i
n
k
i
l
o
p
a
r
s
e
c
s
f
o
r
t
h
e
s
a
m
p
l
e
o
f
1
6
A
b
e
l
l
c
l
u
s
t
e
r
s
d
e
s
c
r
i
b
e
d
i
n
C
l
a
r
k
e
e
t
a
l
(
2
0
0
1
)
.
T
h
e
o
p
e
n
s
y
m
b
o
l
s
r
e
p
r
e
s
e
n
t
s
o
u
r
c
e
s
v
i
e
w
e
d
t
h
r
o
u
g
h
t
h
e
c
l
u
s
t
e
r
,
w
h
i
l
e
t
h
e
c
l
o
s
e
d
s
y
m
b
o
l
s
r
e
p
r
e
s
e
n
t
t
h
e
c
o
n
t
r
o
l
s
a
m
p
l
e
o
f

e
l
d
s
o
u
r
c
e
s
.
u
n
r
e
m
a
r
k
a
b
l
e
i
n
t
h
e
i
r
p
r
o
p
e
r
t
i
e
s
.
B
y
o
b
s
e
r
v
i
n
g
s
o
u
r
c
e
s
b
e
h
i
n
d
t
h
e
c
l
u
s
t
e
r
s
,
t
h
e
s
e
o
b
s
e
r
v
a
t
i
o
n
s
d
e
m
o
n
s
t
r
a
t
e
t
h
a
t
a
n
e
m
b
e
d
d
e
d
p
o
w
e
r
f
u
l
r
a
d
i
o
g
a
l
a
x
y
i
s
n
o
t
r
e
q
u
i
r
e
d
t
o
p
r
o
d
u
c
e
s
i
g
n
i

c
a
n
t
R
M
s
.
A
n
o
t
h
e
r
a
d
v
a
n
t
a
g
e
o
f
t
h
i
s
t
e
c
h
n
i
q
u
e
i
s
t
h
a
t
i
t
p
e
r
m
i
t
s
e
s
t
i
m
a
t
i
o
n
o
f
t
h
e
s
p
a
t
i
a
l
e
x
t
e
n
t
o
f
t
h
e
m
a
g
n
e
t
i
c

e
l
d
s
w
i
t
h
i
n
t
h
e
c
l
u
s
t
e
r
(

0
:
5
M
p
c
)
.
T
h
e
a
r
e
a
l

l
l
i
n
g
f
a
c
t
o
r
o
f
9
5
%
(
a
s
s
u
m
i
n
g
c
o
n
s
t
a
n
t
m
a
g
n
e
t
i
c

e
l
d
s
i
n
a
n
d
a
m
o
n
g
a
l
l
c
l
u
s
t
e
r
s
)
s
u
g
g
e
s
t
s
a
r
e
l
a
t
i
v
e
l
y
l
a
r
g
e
v
o
l
u
m
e

l
l
i
n
g
f
a
c
t
o
r
f
o
r
t
h
e

e
l
d
s
,
w
i
t
h
a
f
o
r
m
a
l
(
e
x
t
r
e
m
e
)
l
o
w
e
r
l
i
m
i
t
b
e
i
n
g
a
b
o
u
t
8
%
f
o
r
1
0
k
p
c
c
e
l
l
s
i
z
e
s
.
3
.
3
H
i
g
h
r
e
d
s
h
i
f
t
s
o
u
r
c
e
s
R
a
d
i
o
g
a
l
a
x
i
e
s
a
n
d
r
a
d
i
o
l
o
u
d
q
u
a
s
a
r
s
h
a
v
e
b
e
e
n
d
e
t
e
c
t
e
d
t
o
z
=
5
:
2
(
v
a
n
B
r
e
u
g
e
l
2
0
0
0
)
.
T
h
e
e
x
t
e
n
d
e
d
p
o
l
a
r
i
z
e
d
e
m
i
s
s
i
o
n
f
r
o
m
t
h
e
s
e
s
o
u
r
c
e
s
p
r
o
v
i
d
e
s
a
n
i
d
e
a
l
p
r
o
b
e
o
f
t
h
e
i
r
e
n
v
i
r
o
n
m
e
n
t
s
t
h
r
o
u
g
h
F
a
r
a
d
a
y
r
o
t
a
t
i
o
n
o
b
s
e
r
v
a
t
i
o
n
s
.
E
x
t
e
n
s
i
v
e
r
a
d
i
o
i
m
a
g
i
n
g
s
u
r
v
e
y
s
o
f
z
>
2
r
a
d
i
o
g
a
l
a
x
i
e
s
a
n
d
q
u
a
s
a
r
s
h
a
v
e
s
h
o
w
n
l
a
r
g
e
Ca
r
i
l
l
i
&
T
a
y
l
o
r
1
5
r
o
t
a
t
i
o
n
m
e
a
s
u
r
e
s
,
a
n
d
F
a
r
a
d
a
y
d
e
p
o
l
a
r
i
z
a
t
i
o
n
,
i
n
a
t
l
e
a
s
t
3
0
%
o
f
t
h
e
s
o
u
r
c
e
s
,
i
n
d
i
c
a
t
i
n
g
t
h
a
t
t
h
e
s
o
u
r
c
e
s
a
r
e
s
i
t
u
a
t
e
d
b
e
h
i
n
d
d
e
n
s
e
F
a
r
a
d
a
y
s
c
r
e
e
n
s
o
f
m
a
g
-
n
e
t
i
z
e
d
,
i
o
n
i
z
e
d
p
l
a
s
m
a
(
C
h
a
m
b
e
r
s
,
M
i
l
e
y
,
&
v
a
n
B
r
e
u
g
e
l
1
9
9
0
;
G
a
r
r
i
n
g
t
o
n
e
t
a
l
.
1
9
8
8
;
C
a
r
i
l
l
i
,
O
w
e
n
,
&
H
a
r
r
i
s
1
9
9
4
;
C
a
r
i
l
l
i
e
t
a
l
.
1
9
9
7
;
P
e
n
t
e
r
i
c
c
i
e
t
a
l
.
2
0
0
0
;
L
o
n
s
d
a
l
e
,
B
a
r
t
h
e
l
,
&
M
i
l
e
y
1
9
9
3
;
A
t
h
r
e
y
a
e
t
a
l
.
1
9
9
8
)
,
w
i
t
h
a
p
o
s
s
i
b
l
e
i
n
c
r
e
a
s
e
i
n
t
h
i
s
f
r
a
c
t
i
o
n
w
i
t
h
r
e
d
s
h
i
f
t
(
P
e
n
t
e
r
i
c
c
i
e
t
a
l
.
2
0
0
0
)
.
D
r
a
w
i
n
g
t
h
e
a
n
a
l
o
g
y
t
o
l
o
w
e
r
z
r
a
d
i
o
g
a
l
a
x
i
e
s
,
t
h
e
s
e
a
u
t
h
o
r
s
p
r
o
p
o
s
e
d
t
h
a
t
t
h
e
h
i
g
h
z
s
o
u
r
c
e
s
m
a
y
b
e
e
m
b
e
d
d
e
d
i
n
m
a
g
n
e
t
i
z
e
d
(
p
r
o
t
o
-
)
c
l
u
s
t
e
r
a
t
m
o
s
p
h
e
r
e
s
,
w
i
t
h

G

e
l
d
s
t
r
e
n
g
t
h
s
.
A
d
i
Æ
c
u
l
t
y
w
i
t
h
t
h
e
s
t
u
d
y
o
f
h
i
g
h
r
e
d
s
h
i
f
t
s
o
u
r
c
e
s
i
s
t
h
a
t
t
h
e
s
o
u
r
c
e
s
a
r
e
t
y
p
i
c
a
l
l
y
s
m
a
l
l
(
<
f
e
w
a
r
c
s
e
c
o
n
d
s
)
,
r
e
q
u
i
r
i
n
g
h
i
g
h
e
r
f
r
e
q
u
e
n
c
y
o
b
s
e
r
v
a
t
i
o
n
s
(
5
t
o
8
G
H
z
)
i
n
o
r
d
e
r
t
o
p
r
o
p
e
r
l
y
r
e
s
o
l
v
e
t
h
e
s
o
u
r
c
e
s
t
r
u
c
t
u
r
e
.
T
h
i
s
l
e
a
d
s
t
o
t
w
o
p
r
o
b
l
e
m
s
.
F
i
r
s
t
i
s
t
h
a
t
t
h
e
r
e
s
t
f
r
a
m
e
f
r
e
q
u
e
n
c
i
e
s
a
r
e
t
h
e
n

2
0
G
H
z
,
s
u
c
h
t
h
a
t
o
n
l
y
e
x
t
r
e
m
e
v
a
l
u
e
s
o
f
F
a
r
a
d
a
y
r
o
t
a
t
i
o
n
c
a
n
b
e
m
e
a
s
u
r
e
d
(
R
M

1
0
0
0
r
a
d
m
 
2
)
.
A
n
d
s
e
c
o
n
d
i
s
t
h
a
t
o
n
l
y
t
h
e

a
t
t
e
r
s
p
e
c
t
r
u
m
,
h
i
g
h
e
r
s
u
r
f
a
c
e
b
r
i
g
h
t
n
e
s
s
r
a
d
i
o
e
m
i
t
t
i
n
g
s
t
r
u
c
t
u
r
e
s
i
n
t
h
e
s
o
u
r
c
e
s
a
r
e
d
e
t
e
c
t
e
d
,
t
h
e
r
e
b
y
a
l
l
o
w
i
n
g
f
o
r
o
n
l
y
a
f
e
w
l
i
n
e
s
-
o
f
-
s
i
t
e
t
h
r
o
u
g
h
t
h
e
I
C
M
a
s
R
M
p
r
o
b
e
s
.
I
m
a
g
i
n
g
a
t
f
r
e
q
u
e
n
c
i
e
s
o
f
1
.
4
G
H
z
o
r
l
o
w
e
r
w
i
t
h
s
u
b
-
a
r
c
s
e
c
o
n
d
r
e
s
o
l
u
t
i
o
n
i
s
r
e
q
u
i
r
e
d
t
o
a
d
d
r
e
s
s
t
h
i
s
i
n
t
e
r
e
s
t
i
n
g
i
s
s
u
e
.
4
I
n
v
e
r
s
e
C
o
m
p
t
o
n
X
-
r
a
y
e
m
i
s
s
i
o
n
C
o
s
m
i
c
m
a
g
n
e
t
i
c

e
l
d
s
c
a
n
b
e
d
e
r
i
v
e
d
b
y
c
o
m
p
a
r
i
n
g
i
n
v
e
r
s
e
C
o
m
p
t
o
n
X
-
r
a
y
e
m
i
s
-
s
i
o
n
a
n
d
r
a
d
i
o
s
y
n
c
h
r
o
t
r
o
n
r
a
d
i
a
t
i
o
n
(
H
a
r
r
i
s
&
G
r
i
n
d
l
a
y
1
9
7
9
;
R
e
p
h
a
e
l
i
,
G
r
u
b
e
r
,
&
R
o
t
h
s
c
h
i
l
d
1
9
8
7
)
.
I
n
v
e
r
s
e
C
o
m
p
t
o
n
(
I
C
)
e
m
i
s
s
i
o
n
i
s
t
h
e
r
e
l
a
t
i
v
i
s
i
t
i
c
e
x
t
r
a
p
o
l
a
-
t
i
o
n
o
f
t
h
e
S
u
n
y
a
e
v
-
Z
e
l
'
d
o
v
i
c
h
e

e
c
t
(
R
e
p
h
a
e
l
i
1
9
9
5
)
,
i
n
v
o
l
v
i
n
g
u
p
-
s
c
a
t
t
e
r
i
n
g
o
f
t
h
e
a
m
b
i
e
n
t
p
h
o
t
o
n

e
l
d
b
y
t
h
e
r
e
l
a
t
i
v
i
s
i
t
i
c
p
a
r
t
i
c
l
e
p
o
p
u
l
a
t
i
o
n
.
T
h
e
I
C
p
r
o
c
e
s
s
i
n
v
o
l
v
e
s
t
w
o
L
o
r
e
n
t
z
t
r
a
n
s
f
o
r
m
s
(
t
o
a
n
d
f
r
o
m
t
h
e
r
e
s
t
f
r
a
m
e
o
f
t
h
e
e
l
e
c
t
r
o
n
)
,
p
l
u
s
T
h
o
m
p
s
o
n
s
c
a
t
t
e
r
i
n
g
i
n
t
h
e
r
e
s
t
f
r
a
m
e
o
f
t
h
e
e
l
e
c
t
r
o
n
,
l
e
a
d
i
n
g
t
o

I
C

43

2

b
g
,
w
h
e
r
e

I
C
i
s
t
h
e
e
m
e
r
g
e
n
t
f
r
e
q
u
e
n
c
y
o
f
t
h
e
s
c
a
t
t
e
r
e
d
r
a
d
i
a
t
i
o
n
,

i
s
t
h
e
e
l
e
c
-
t
r
o
n
L
o
r
e
n
t
z
f
a
c
t
o
r
,
a
n
d

b
g
i
s
t
h
e
i
n
c
i
d
e
n
t
p
h
o
t
o
n
f
r
e
q
u
e
n
c
y
(
B
a
g
c
h
i
,
P
i
s
l
a
r
,
&
L
i
m
a
N
e
t
o
1
9
9
8
)
.
F
r
o
m
a
q
u
a
n
t
u
m
m
e
c
h
a
n
i
c
a
l
p
e
r
s
p
e
c
t
i
v
e
,
s
y
n
c
h
r
o
t
r
o
n
r
a
-
d
i
a
t
i
o
n
i
s
d
i
r
e
c
t
l
y
a
n
a
l
o
g
o
u
s
t
o
I
C
e
m
i
s
s
i
o
n
,
w
i
t
h
s
y
n
c
h
r
o
t
r
o
n
r
a
d
i
a
t
i
o
n
b
e
i
n
g
t
h
e
u
p
-
s
c
a
t
t
e
r
i
n
g
o
f
t
h
e
v
i
r
t
u
a
l
p
h
o
t
o
n
s
t
h
a
t
c
o
n
s
t
i
t
u
t
e
t
h
e
s
t
a
t
i
c
m
a
g
n
e
t
i
c

e
l
d
.
G
i
v
e
n
a
r
e
l
a
t
i
v
i
s
t
i
c
e
l
e
c
t
r
o
n
p
o
p
u
l
a
t
i
o
n
,
t
h
e
I
C
e
m
i
s
s
i
v
i
t
y
i
s
d
i
r
e
c
t
l
y
p
r
o
p
o
r
t
i
o
n
a
l
t
o
t
h
e
e
n
e
r
g
y
d
e
n
s
i
t
y
i
n
t
h
e
p
h
o
t
o
n

e
l
d
,
U
b
g
,
w
h
i
l
e
t
h
e
s
y
n
c
h
r
o
t
r
o
n
e
m
i
s
s
i
v
i
t
y
i
s
p
r
o
p
o
r
t
i
o
n
a
l
t
o
t
h
e
e
n
e
r
g
y
d
e
n
s
i
t
y
i
n
t
h
e
m
a
g
n
e
t
i
c

e
l
d
,
U
B
,
l
e
a
d
i
n
g
t
o
a
s
i
m
p
l
e
p
r
o
p
o
r
t
i
o
n
a
l
i
t
y
b
e
t
w
e
e
n
s
y
n
c
h
r
o
t
r
o
n
a
n
d
I
C
l
u
m
i
n
o
s
i
t
y
:
L
s
y
n
L
I
C
/
U
B
U
b
g
.
G
i
v
e
n
t
h
a
t
t
h
e
y
o
r
i
g
i
n
a
t
e
f
r
o
m
t
h
e
s
a
m
e
(
a
s
s
u
m
e
d
p
o
w
e
r
-
l
a
w
)
r
e
l
a
t
i
v
i
s
t
i
c
e
l
e
c
t
r
o
n
p
o
p
u
l
a
-
t
i
o
n
,
I
C
X
-
r
a
y
s
a
n
d
s
y
n
c
h
r
o
t
r
o
n
r
a
d
i
o
e
m
i
s
s
i
o
n
s
h
a
r
e
t
h
e
s
a
m
e
s
p
e
c
t
r
a
l
i
n
d
e
x
,

.
T
h
e
s
p
e
c
t
r
a
l
i
n
d
e
x
r
e
l
a
t
e
s
t
o
t
h
e
i
n
d
e
x
f
o
r
t
h
e
p
o
w
e
r
-
l
a
w
e
l
e
c
t
r
o
n
e
n
e
r
g
y
d
i
s
t
r
i
b
u
t
i
o
n
,
 
,
a
s
 
=
2

 
1
,
a
n
d
t
o
t
h
e
p
h
o
t
o
n
i
n
d
e
x
a
s

 
1
.
I
n
m
o
s
t
a
s
t
r
o
p
h
y
s
i
c
a
l
c
i
r
c
u
m
s
t
a
n
c
e
s
U
b
g
i
s
d
o
m
i
n
a
t
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